A B S T R A C T Unilateral ureter obstruction in rabbits produced profound changes in endogenous and exogenous renal arachidonic acid metabolism. Isolated perfused hydronephrotic kidneys (removed after 3 or 10 d of ureter obstruction) responded to bradykinin stimulation with a markedly enhanced release of prostaglandin E2 and thromboxane A2. Reversal (3 or 10 d) of the ureter obstruction resulted in a reduction in the vasoactive peptide-induced release of prostaglandin E2 and thromboxane A2 from the perfused hydronephrotic kidney. However, postobstruction reversal of prostaglandin production by the agonist-stimulated perfused kidney was not reflected in the cortical microsomal cyclooxygenase activity, which is greatly enhanced during ureter obstruction and does not decrease after removal of the obstruction. Histological analysis of the renal cortex in rabbits with ureteral obstruction revealed a proliferation of fibroblast-like cells and the presence of mononuclear cells; removal of the obstruction did not result in a disappearance of cortical fibroblasts but did result in a decrease of monocytes. The critical involvement of mononuclear cells in the exaggerated arachidonate metabolism that occurs during hydronephrosis was exhibited by the dem- onstration that: (a) only the perfused hydronephrotic rabbit kidney responded to administration of endotoxin with a sustained release of prostaglandin E2 and thromboxane A2; (b) the contralateral rabbit kidney, which is devoid of mononuclear cells, did not respond to endotoxin; and (c) the hydronephrotic cat kidney, which exhibits a fibroblast proliferation with a low number of mononuclear cells, did not respond to endotoxin. Thus, proliferation of fibroblast-like cells and the presence of mononuclear cells appear to be involved in the exaggerated prostaglandin and thromboxane production underlying hydronephrosis. The increase in microsomal cyclooxygenase activity is apparently most closely correlated with the increased fibroblastic activation and cellularity, whereas mononuclear cells (possibly via monokines) seem to be critical for the markedly enhanced prostaglandin and thromboxane release induced by endotoxin and bradykinin.
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Dr. Okegawa's and Dr. Kawasaki's permanent address is The Ono Research Institute, Osaka, Japan. Address all correspondence to Dr. Needleman. Received for publication 18 May 1982 and in revised form 22 September 1982. onstration that: (a) only the perfused hydronephrotic rabbit kidney responded to administration of endotoxin with a sustained release of prostaglandin E2 and thromboxane A2; (b) the contralateral rabbit kidney, which is devoid of mononuclear cells, did not respond to endotoxin; and (c) the hydronephrotic cat kidney, which exhibits a fibroblast proliferation with a low number of mononuclear cells, did not respond to endotoxin. Thus, proliferation of fibroblast-like cells and the presence of mononuclear cells appear to be involved in the exaggerated prostaglandin and thromboxane production underlying hydronephrosis. The increase in microsomal cyclooxygenase activity is apparently most closely correlated with the increased fibroblastic activation and cellularity, whereas mononuclear cells (possibly via monokines) seem to be critical for the markedly enhanced prostaglandin and thromboxane release induced by endotoxin and bradykinin. INTRODUCTION Perfused normal rabbit kidney releases modest amounts of prostaglandin (PG)' E2 in response to vasoactive peptides (bradykinin and angiotensin II) (1) . In microsomes prepared from the normal kidney, the medulla is the primary site of arachidonic acid metabolism; much less PG production occurs in the cortex ' Abbreviations used in this paper: CLK, contralateral (unobstructed) kidney; HHT, 12-hydroxy-heptadecatrienoic acid; HNK, hydronephrotic kidney; PG, prostaglandin; TxA2 and TxB2, thromboxane A2 and B2, respectively. (2) . Unilateral ureter obstruction (hydronephrosis) for several days results in a marked facilitation of: (a) PGE2 release from an isolated perfused kidney (3); (b) cortical microsomal arachidonate metabolism (4, 5) ; and (c) cortical slice PG release (6) . In addition, the perfused hydronephrotic kidney (HNK) has been demonstrated to release thromboxane A2 (TxA2). The thromboxane synthetase activity is clearly evident in HNK cortical microsomes, whereas this enzyme is not detectable in normal or contralateral unobstructed rabbit kidneys (CLK) (4, 7) . Other models of renal damage in rabbits, such as renal venous constriction (8) and glycerol-induced renal failure (9) , are also associated with an unmasking of renal thromboxane biosynthesis. Thus, there are quantitative and qualitative changes occurring simultaneously in renal arachidonate metabolism associated with renal damage. The renal thromboxane production resulting from ureter obstruction has been associated with renal vasoconstriction and the reduced glomerular filtration rate that also occurs with hydronephrosis (10). We have been able to demonstrate that the thromboxane synthesis stimulated by bradykinin and angiotensin in the perfused HNK results in a pronounced renal vasoconstriction that can be reversed by a thromboxane synthetase inhibitor (11) .
The mechanism and cell types that underlie this unmasking of renal cortical arachidonate metabolism attendant to ureter obstruction are the focus of this study. Nagle et al. (12, 13) have demonstrated that ureter obstruction in rabbits is associated with an enlargement of the renal cortical interstitial space with a distinct proliferation of a fibroblast-like cell and an infiltration of mononuclear cells. Our strategy was to evaluate the relationship of the appearance of these cell types in the HNK relative to endogenous and exogenous renal arachidonic acid metabolism. Our opportunity to study this problem was enhanced by the development of the experimental capability of relieving the ureter obstruction and reversing the stimulus that underlies this renal pathophysiological model. (14) .
METHODS
Arterial administration of a bolus injection of bradykinin stimulates a transient (3-5 min) release of arachidonate metabolites from the perfused kidney. Thus, 50 ml (i.e., 5 min at 10 ml/min) of pre-and post-stimulus effluent was collected when the agonist employed was bradykinin. On the other hand, we discovered that a bolus injection of endotoxin (100 ng) produces slowly initiated but chronic release of arachidonate metabolites from the HNK. So, in the case of the endotoxin experiments, a pre-stimulus 50-ml portion of renal venous effluent was collected. After administration of the endotoxin, a 50-ml aliquot was collected every 30 min for 3 h. The 50-ml effluents were very well-mixed and a 500-pj aliquot was saved and frozen (-20°C) for subsequent radioimmunoassay (RIA).
The isolated rabbit kidneys were frozen upon completion of the perfusion experiments and were stored at -700C.
Preparation of microsomes. The frozen (-70°C) kidney was thawed and was separated into cortex and medulla. Tissues Kinetic analysis of the microsomal conversion of arachidonic acid. The reactions were carried out in phosphate buffer (0.1 M, pH 7.8) in a final volume of 150 Ai in a siliconized 10 X 75-mm tube that contained 100-300 ,g protein and 1 mM epinephrine. The tube was preincubated on a stirrer at 370C for 1 min and the reaction was started by the addition of the arachidonic acid. For the kinetic studies, the fatty acid was varied from 0 to 160 gM. All RIA. PGE2 and TxB2 were immunoassayed with rabbit antisera as previously described (17) . The crossreactivities at 50% displacement of other PG with the antisera were as follows: (a) PGE2 antiserum-6-keto-PGF1a, 0.39%; PGF2a, 0.04%; TxB2, 0.003%; and (b) for the TxB2 antiserum-6-keto-PGF1,, 0.009%; PGE2, 0.012%; and PGF2a, 0.025%.
The media from the microsomal incubations, as well as the renal venous effluent collected from the isolated perfused kidneys, did not alter the immunoassay standard curve for either the PGE2 or the TxB2.
Histological techniques. The normal, hydronephrotic, postobstructed and contralateral kidneys were rapidly excised and bivalved (n = 4-5 for each category). Small fragments of renal cortex were rapidly fixed in 2.5% glutaraldehyde in phosphate buffer, and processed for electron microscopy. The specimens were postfixed in 1% osmium, dehydrated in a series of alcohols, and embedded in Spurr.
1-,um sections stained with toluidine blue were examined and, in areas where glomeruli were present, further thin sectioning was performed. The (Fig. 2) . Intrarenal infusion of the thromboxane synthetase inhibitor, OKY-1581 (1.5 sg/ml), eliminated the appearance of TxB2 in the renal venous effluent (11) . Postobstructive reversal of the hydronephrosis resulted in a pronounced reduction in the bradykinin-induced thromboxane release (Fig. 2) .
Arachidonic acid metabolism by hydronephrotic and postobstructed kidney microsomes. A comparison of the kinetics of the cyclooxygenase activity present in the various kidneys was performed under conditions of linearity by using varying amounts of arachidonic acid as substrate. The maximum velocity (Vmax) for the enzymatic conversion of arachidonate to PGE2 in the normal kidney or CLK cortex was 36 pmol PGE2 formed/mg microsomal protein per min at 370C and 276 pmol/mg per min for the medulla. 3 d of ureter obstruction resulted in a marked increase in cortical cyclooxygenase activity (145 pmol/mg per min) compared with unobstructed controls; however, HNK medullary production of PGE2 was still about four times higher than the HNK cortical microsomes (Table I ). The Vmax for the conversion of arachidonic acid into TxB2 was 10 pmol/mg per min in the control (Fig. 4 ). An occasional bundle of collagen may also be present. There is no difference between the morphology of the normal control and the CLK. In the 3-d HNK, marked morphologic changes occurred in the cortical interstitium (Fig. 5) . The interstitial space was considerably widened, and the cellular content was several cells thick. The increased cellularity is due to interstitial cells virtually surrounded by mononuclear cells, including monocytes and lymphocytes. Release of obstruction does not alter the number of interstitial fibroblasts but does result in a reduction in the number of monocytes (Fig. 6) .
The relative cell populations present are summarized in Table II . In the postobstructive release experiments at 10 d, the overall cellularity was slightly decreased and the still widened interstitial space contained abundant collagen fibers. Interstitial cells were large and their ratio to monocytes and lymphocytes increased threefold (Table I Endotoxin stimulation of arachidonate metabolism in perfused rabbit kidneys. The morphological evidence indicated the presence of cells that resembled macrophages and fibroblasts in the rabbit HNK, but not in the rabbit CLK or the cat HNK. In an attempt to evaluate the potential participation of the macrophage-like cells in the changes we measured during hydronephrosis, we studied the ability of endotoxin administration to stimulate prostaglandin production. Cultured macrophages have been previously demonstrated to release PGE2 and TxB2 in response to endotoxin (18) (19) (20) . However, the lipopolysaccharidestimulated macrophage metabolism of arachidonate was slow in onset and took several hours to manifest the response (19) .
Ureter-obstructed and postobstructed kidneys were challenged on an hourly basis with bradykinin until the peptide elicited a pronounced TxA2-like response (i.e., contraction of the rabbit aorta assay tissue) or PGE2-like response (contraction of chick rectum assay strip). Endotoxin injection into the CLK resulted in the marginal appearance of detectable bioassayable or immunoassayable levels of PGE2 (Table II) The assignment of the size of the interstitial space was compared relative to the normal renal cortex. The measurement of the number of cells/field (c/f) is described in Methods. The following abbreviations were employed: 3-HNK, 3-d hydronephrotic kidney; 3-HNKlOR, kidneys that were obstructed for 3 d followed by 10 d with the obstruction release; and c/f, cells per field.
toxin-induced PG release. Thus, both bradykinin or endotoxin stimulation of intrinsic arachidonic acid metabolism by the postobstructed kidney was markedly reduced, whereas the microsomal arachidonic acid conversion was still markedly facilitated (Table III). We previously observed that the perfused cat HNK was only slightly more responsive in releasing PGE2 in response to bradykinin or angiotensin II stimulation than was the cat CLK (17) . Furthermore, the cat HNK did not release TxA2 in response to agonist stimulation. Ureter obstruction in the cat resulted in a widening of the cortical interstitial space and a proliferation of fibroblasts, but very much fewer mononuclear cells were present than were observed in the rabbit HNK (Table II) . Consistent with the sparse macrophage population, ureter obstruction of the cat kidney did not enhance the PGE2 release induced by endotoxin (Table III).
DISCUSSION
Complete, unilateral ureter obstruction (hydronephrosis) of the rabbit kidney results in profound changes in arachidonic acid metabolism and histologic changes in the involved kidney. In perfused kidneys isolated from rabbits with ureter obstruction (3 d), a marked enhancement of basal and vasoactive peptide (bradykinin and angiotensin II)-stimulated release of PGE2 was observed (3). Further studies indicated that the perfused rabbit HNK released TxA2 in response to peptide stimulation, and that the HNK, but not the CLK, possessed thromboxane synthetase activity (4, 7) . Regional localization studies demonstrated that the enhanced PG biosynthesis occurred primarily in the cortex of the HNK (5, 6, 21) .
Nagle et al. (12, 13) found that complete unilateral ureteral obstruction in the rabbit produced a diffuse fibrosis and parenchymal atrophy. 24 h after obstruction there were marked histologic changes in the rabbit cortex that became exaggerated with time. There was a pronounced widening of the interstitial space, an increase of fibroblasts, and the presence of mononuclear cells. The initial proliferative stimulus may be the increase in intrarenal pressure, which causes an enlargement of the interstitial space and decreases the contact of the few normally present fibroblasts with their environment, resulting in the promotion of fibroblast proliferation. Contact inhibition of fibroblast proliferation has been previously demonstrated (22) . 2,050+1,176
The PGE2 released by the bradykinin (500 ng) injection is calculated from the concentration of product present in the 50-ml effluent collected after the bolus injection and corrected for the basal levels measured in the 50-ml sample collected before injection. The PGE2 release by bradykinin is complete by 5 min postinjection. On the other hand, the response to endotoxin develops slowly and the value reported in the table is the concentration of PGE2 accumulated over the 3-h period following the single bolus injection of 100 ng of endotoxin corrected for basal release. The bradykinin and endotoxin stimulations of the various perfused kidneys were performed at 6 and 6.5 h after initiation of perfusion, respectively. The values are the means±SE and the number in parentheses indicates the number of kidneys studied. (23, 24) and in several instances it has been correlated to a marked (50-200-fold) stimulation of PGE2 biosynthesis by dermal fibroblasts (25) , by gingival fibroblast-like cells (26) , and by synovial cells (27 (Table III) . The time course of the release of arachidonic metabolites, especially thromboxane, from the perfused kidney compared favorably with the time course for metabolite production from cultured macrophages in response to endotoxin (19) . We could observe macrophages only in the HNK, not in the CLK or normal kidney (Fig. 4 , 7 Hypothetical model of the cellular and metabolic alterations that occur attendant to ureter obstruction. MNCF is the abbreviation for the mononuclear cell factor that stimulates fibroblasts. BK, bradykinin. stimulus in the cortex that triggers a regional inflammatory response resulting in stimulation of the interstitial cell and the presence of mononuclear cells. The macrophages, which are in direct contact with the fibroblasts, are capable of releasing a factor that stimulates: (a) fibroblast proliferation, (b) cortical microsomal cyclooxygenase activity, and (c) PGE2 release (i.e., intrinsic arachidonate metabolism). The enhanced thromboxane synthetase levels and the TxA2 release may come from the macrophages directly or from the activated fibroblasts.
The surprising feature of the postobstruction (i.e., 3 or 10 d after the release of ureter obstruction) experiments is the demonstration that the peptide-or the endotoxin-induced PGE2 and TxA2 release from the perfused kidney was suppressed, whereas the renal cortical and medullary microsomes still exhibited exaggerated cyclooxygenase activity. The high microsomal cyclooxygenase activity present after the release of the ureter obstruction (Table I) might well be attributable to the continued presence of the proliferated activated fibroblasts. Regardless, the elevated capacity to metabolize arachidonate might explain the postobstructive diuresis associated with the release of ureter blockade. A substantial synthesis of urinary prostaglandins might contribute to the reduction in renal vasoconstriction and to the increase in glomerular filtration rate, which occurs at release of ureter obstruction. The cyclooxygenase inhibitor, indomethacin, has been demonstrated to markedly reduce the changes in renal resistance and urine volume in postobstructive diuresis in dogs (31) .
In the postobstructed kidneys, there is a paradoxical dissociation between the enzymatic capacity to metabolize arachidonate and the ability of exogenously administered agonists to elicit an arachidonate metabolite release. The morphological studies indicate the continued presence of fibroblasts, but an evident decrease of mononuclear cells (Figs. 5, 6 ; Table II ). The suppressed ability of endotoxin to cause PGE2 or thromboxane release (Table III) is consistent with the loss of macrophages. The data obtained from the postobstruction experiments further suggest that the presence of the macrophages or of a factor that modulates the fibroblasts is essential for both the basal and the bradykinin-induced arachidonate metabolism. Macrophages are one of the predominant cell types present in chronic inflammatory lesions. Thus, there may be an interesting interplay between the macrophage and fibroblast in renal inflammation.
